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ABSTRACT
We discuss a multimessenger strategy to detect radio pulses from Galactic binary neu-
tron stars in a very tight orbit with the period shorter than 10 min. On one hand,
all-sky surveys by radio instruments are inefficient for detecting faint pulsars in very
tight binaries due partly to the rarity of targets and primarily to the need of correc-
tion for severe Doppler smearing. On the other hand, the Laser Interferometer Space
Antenna (LISA) will detect these binaries with a very large signal-to-noise ratio and
determine the orbital frequency, binary parameters, and sky location to high accuracy.
The information provided by LISA will reduce the number of required pointings by
two to six orders of magnitude and that of required trials for the corrections by about
nine orders of magnitude, increasing the chance of discovering radio pulsars. For mak-
ing full use of this strategy, it is desirable to operate high-sensitivity radio instruments
such as Square Kilometer Array Phase 2 simultaneously with LISA.
Key words: gravitational waves – methods: data analysis – binaries: close – stars:
neutron – pulsars: general
1 INTRODUCTION
Radio pulsars are fascinating laboratories of astrophysics
(Lorimer & Kramer 2004). In particular, those in short-
period binaries serve as useful tools to study binary evo-
lution (Tauris et al. 2017), interacting magnetospheres (e.g.
Lyne et al. 2004), and the theory of gravitation (Will 2014).
Even after direct detections of gravitational waves from com-
pact binary coalescences, human time-scale monitoring of
relativistic binary pulsars could remain undefeatable for con-
straining some models of modified gravity (Yunes et al. 2016;
Abbott et al. 2018). Furthermore, these binaries could be our
Schelling point to communicate with extraterrestrial intelli-
gence (Nishino & Seto 2018).
The tightest Galactic binary neutron stars should have
much shorter orbital periods than those observed today. On
one hand, as of 2018, the shortest period of binary neu-
tron stars hosting a detectable pulsar is 1.88 h of J1946+2052
(Stovall et al. 2018), which will spend 46 Myr before merger.
On the other hand, the gravitational-wave event GW170817
suggests that the Galactic merger rate of binary neutron
stars is about one in 104 yr (Abbott et al. 2017). Therefore,
? E-mail: kyutoku@post.kek.jp
it is virtually certain that many binary neutron stars with
short orbital periods and being close to merger exist in our
Galaxy. It is also natural to expect that some of them host
detectable radio pulsars.
Pulsars in very tight binaries, however, are difficult
to find, because strong Doppler smearing has to be cor-
rected appropriately. While the acceleration search has been
adopted to discover binary pulsars (Faulkner et al. 2004),
this method assumes a linear drift of the frequency and is
applicable only to integration times shorter than ≈ 10 per cent
of the orbital period (Johnston & Kulkarni 1991). Thus, pul-
sars in very tight binaries easily elude this search unless they
are extremely luminous. Jerk searches are proposed to im-
prove the situation, but integration times are still restricted
to . 15 per cent of the orbital period (Bagchi et al. 2013; An-
dersen & Ransom 2018). The incoherent phase-modulation
search is applicable to integration times longer than the or-
bital period (Jouteux et al. 2002; Ransom et al. 2003).
In this paper, we examine an alternative and coherent
method to detect pulsars in very tight binaries utilizing in-
formation provided by a future space-borne gravitational-
wave detector, the Laser Interferometer Space Antenna
(LISA; see Armano et al. 2016, 2018, for the results of LISA
Pathfinder). LISA is sensitive at mHz bands, and its targets
© 2018 The Authors
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including various compact object binaries are summarized
in Amaro-Seoane et al. (2017). As we will show later, the
merger rate estimated by GW170817 suggests that a number
of Galactic binary neutron stars can also be detected with
LISA as quasi-monochromatic sources, where O(10) of them
are free from the foreground associated with white dwarf
binaries. LISA will provide us with accurate information of
these binaries such as the orbital frequency (or period), bi-
nary parameters, and sky location (Cutler 1998; Seto 2002;
Takahashi & Seto 2002). This information enables pulsar
surveys by radio instruments to reduce both the searching
time and the computational cost of corrections for Doppler
smearing significantly. Although we only focus on binary
neutron stars for concreteness, our discussion also applies to
black hole/white dwarf–neutron star binaries.
This paper is organized as follows. We first review the
prospect for detecting Galactic binary neutron stars with
LISA in Section 2. Next, we discuss how to detect radio
pulses from these binaries in Section 3, comparing perfor-
mance of our multimessenger strategy with that of an all-sky
survey solely by radio instruments in Section 3.3. Section 4
is devoted to a summary. In this paper, G, c, and kB denote
the gravitational constant, speed of light, and Boltzmann’s
constant, respectively.
2 GRAVITATIONAL-WAVE OBSERVATION
BY LISA
First, we estimate statistical errors in extracting parameters
of Galactic binary neutron stars with LISA. Gravitational-
wave frequency is denoted by f and the operation period of
LISA is denoted by tLISA. We adopt the quadrupole approx-
imation in this work, and the gravitational-wave frequency
is twice the orbital frequency except for higher harmonics
associated with the eccentricity.
2.1 Target
The high rate of binary neutron star mergers reported by the
LIGO–Virgo collaboration, R = 1540+3200−1220 Gpc
−3 yr−1 (Ab-
bott et al. 2017), suggests that Galactic binary neutron stars
are numerous. The Galactic merger rate may be given by
RMW ≈ R/nMW, where nMW ≈ 0.01 Mpc−3 is the number den-
sity of Milky Way equivalent galaxies. Assuming that the
Galactic population of binary neutron stars is stationary on
the time-scale of interest, their distribution in frequency is
given by (e.g. Kyutoku & Seto 2016)
dNMW
df
= Ûf −1RMW. (1)
The time derivative of gravitational-wave frequency, or the
chirp parameter, is given by (Peters 1964)
Ûf = 96pi
8/3(GM)5/3 f 11/3
5c5
(2)
= 1.3 × 10−15 Hz s−1
(
f
4 mHz
)11/3 ( M
1.2M
)5/3
, (3)
where M is the chirp mass of the binary, in the quadrupole
approximation. Hence, the number of Galactic binary neu-
tron stars emitting gravitational waves at frequency higher
than f is estimated to be
NMW(> f ) =
∫ ∞
f
dNNW
df ′ df
′ (4)
=
5c5RMW
256pi8/3(GM)5/3 f 8/3 (5)
= 5.6
( M
1.2M
)−5/3 ( f
4 mHz
)−8/3
×
(
RMW
1.5 × 10−4 yr−1
)
. (6)
This estimate indicates that the shortest period class of
Galactic binary neutron stars will be observed via gravita-
tional waves in mHz bands by LISA (Amaro-Seoane et al.
2017). The frequency evolution during the operation pe-
riod of LISA is insignificant for binaries with f  100 mHz
considered here, and thus we may regard them as quasi-
monochromatic. Although numerous binary neutron stars
exist also at f . 3 mHz, which corresponds to the orbital
period longer than 10 min, the sensitivity of LISA will be
degraded because of the foreground associated with unre-
solved white dwarf binaries (Nelemans et al. 2004; Robson
et al. 2018).
Galactic binary neutron stars may be classified into two
classes according to their eccentricities (see Tauris et al.
2017, for a compilation). If we focus only on binaries that
merge within the Hubble time, more than the half will have
low eccentricities of e < 5 × 10−3 at f = 4 mHz due to gravita-
tional radiation reaction (Peters 1964) and may be regarded
as circular for our purpose. However, three binaries, namely
PSR B1913+16 (Hulse & Taylor 1975; Weisberg & Huang
2016), B2127+11C (Prince et al. 1991; Jacoby et al. 2006),
and J1757−1854 (Cameron et al. 2018), will retain moder-
ate eccentricities of 0.020, 0.028, and 0.035, respectively, at
4 mHz. In this study, we mainly focus on circular binaries,
and possible effects of moderate eccentricity e ≈ 0.03 are
briefly discussed when they are relevant.
2.2 LISA observation
The signal-to-noise ratio ρ of gravitational waves can be
evaluated by a quasi-monochromatic approximation (e.g.
Kyutoku & Seto 2016). Taking the average with respect to
the sky location and binary orientation, we have
ρ =
4
√
3pi2/3(GM)5/3
5c4D
f 2/3t1/2LISA
[(3/20)Sn( f )]1/2
(7)
= 200
( M
1.2M
)5/3 ( D
10 kpc
)−1 ( tLISA
2 yr
)1/2
×
(
f
4 mHz
)2/3 ( Sn( f )
2 × 10−40 Hz−1
)−1/2
, (8)
where D is the distance to the binary and Sn( f ) is the ef-
fective noise spectral density. We normalize Sn( f ) according
to Robson et al. (2018). Hereafter, we use the values in this
equation as our fiducial parameters.
We estimate 1σ statistical errors of various quantities
with LISA observations using the results derived with the
Fisher analysis in Seto (2002) and Takahashi & Seto (2002),
which are valid for tLISA & 2 yr. The extrinsic parameters are
MNRAS 000, 1–7 (2018)
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estimated with typical errors
∆A
A
= 0.01
( ρ
200
)−1
(9)
∆φ = 0.015
( ρ
200
)−1
(10)
∆Ω = 0.036 deg2
( ρ
200
)−2 ( f
4 mHz
)−2
, (11)
where A, φ, and Ω are the intrinsic gravitational-wave am-
plitude, gravitational-wave phase, and sky location of the
binary, respectively. Because the error of the amplitude is
known to be correlated strongly with the inclination angle
ι, we use ∆A/A as a proxy for the statistical error of ∆(sin ι).
Although we find by repeating the Fisher analysis that this
approximation sometimes underestimates ∆(sin ι) by a fac-
tor of 2–3, it turns out later that the precise value of ∆(sin ι)
is not important for radio observations. Because the wave
amplitude is inversely proportional to the distance, the rela-
tive error in the distance is also given by ∆A/A as far as the
chirp mass is determined precisely (Takahashi & Seto 2002).
Although the Galactic electron distribution is not fully un-
derstood (Yao et al. 2017), the distance error may be useful
to constrain loosely the characteristics of the target pulsar
(see Section 3).
The errors in determining the gravitational-wave fre-
quency and its time derivative are given by (Takahashi &
Seto 2002)
∆ f = 1.7 × 10−10 Hz
( ρ
200
)−1 ( tLISA
2 yr
)−1
(12)
∆ Ûf = 5.4 × 10−18 Hz s−1
( ρ
200
)−1 ( tLISA
2 yr
)−2
. (13)
Note that the matched-filtering analysis, where the detec-
tor output is cross-correlated with theoretical waveform
models, allows us to estimate these parameters more ac-
curately than the naively estimated frequency resolution.
The gravitational-wave frequency is determined virtually
perfectly, as is the orbital frequency. Because ∆M/M ≈
(3/5)∆ Ûf / Ûf , where Ûf is given by equation (3), the chirp mass
will be determined to sub-per cent accuracy. Because the
chirp mass of white dwarf binaries should be small (Farmer
& Phinney 2003), binary neutron stars will be securely se-
lected.
Although the total mass M is required to derive the or-
bital separation a = [GM/(pi f )2]1/3 from the gravitational-
wave frequency, it is not determined unless a large eccentric-
ity enables us to detect the periastron advance (Seto 2001).
For circular binaries, we must adopt a plausible value of the
mass ratio q, which we define as the mass of the lighter mem-
ber divided by that of the heavier, to infer the total mass
from the chirp mass. If we assume 0.7 ≤ q ≤ 1 motivated
by current observations (Tauris et al. 2017; Abbott et al.
2017), the uncertainty in the total mass is ≈ 2 per cent. We
caution that a is different from the orbital radius of either
component, a/(1 + q) or qa/(1 + q).
In fact, the detection of periastron advance improves
the situation only marginally. By following Seto (2001), the
error in the eccentricity is found to be ∆e ≈ 3 × 10−3 irrespec-
tive of the value of e, with assuming that Sn(3 f /2) ≈ Sn( f ).
The error in the total mass is determined by the accuracy
in determining the frequency of third orbital harmonics and
is at best ≈ 1 per cent for tLISA = 2 yr. This amounts to con-
straining the mass ratio to 0.78 . q ≤ 1. We neglect this
possible improvement for simplicity, commenting that a long
operation will reduce the error in the total mass as t−3/2LISA.
Before concluding this section, we comment on the ben-
efit from a long operation of LISA. Taking ρ ∝ t1/2LISA shown
in equation (8) into account, the errors in the phase (equa-
tion 10) and the sky location (equation 11) decrease as t−1/2LISA
and t−1LISA, respectively, when tLISA increases. As we will de-
scribe in Section 3.2, these improvements directly reduce
the computational cost required for detecting radio pulses.
Although we adopted the fiducial value of tLISA = 2 yr, the
current nominal plan is 4 yr with a possible extension to 10 yr
(Amaro-Seoane et al. 2017). Thus, the statistical errors will
be improved compared to those stated in this paper, and the
computational cost may be reduced by a factor of 3–10.
3 PULSAR SURVEY
Next, we describe a strategy to detect radio pulses from the
shortest period class of Galactic binary neutron stars utiliz-
ing information obtained by LISA. Because LISA is planned
to be launched around 2030 (Amaro-Seoane et al. 2017), we
aim at detecting the radio pulses with the Square Kilometer
Array (SKA) Phase 2,1 which may complete construction
around that time. The radio frequency is denoted by ν and
the integration time of SKA is denoted by tSKA. We mainly
focus on observations at popular 1.4 GHz with the bandwidth
B = 500 MHz. Our results can be applied to other facilities
by scaling relevant parameters.
3.1 Target
The promising target is a mildly recycled pulsar with the
spin period of P ∼ 30 ms. Indeed, most of the known pulsars
in binary neutron stars are mildly recycled (Tauris et al.
2017). Theoretically, the evolution scenario generally pre-
dicts that one of the neutron stars in these binaries is mildly
recycled and the other is young. The difference in detectabil-
ity may come from the beaming fraction, where that of re-
cycled pulsars is usually considered to be larger than that of
young pulsars. For example, Levin et al. (2013) argue that
the former is 0.4–1 compared to 0.2 of the latter. Our strat-
egy can also find the young pulsar, whereas it may have
a small beaming fraction. In addition, young pulsars tend
to spin down rapidly and could pass the death line before
entering the LISA band (Tauris et al. 2017).
In this study, we take the fiducial value of the sam-
pling time tsamp to be 100µs following plans of normal pul-
sar surveys (Smits et al. 2009). However, we speculate that
tsamp ≈ 1 ms may be acceptable for detecting mildly recycled
pulsars. The reason is that the typical intrinsic pulse width
of mildly recycled pulsars is likely to be a few milliseconds
(Kramer et al. 1998; Lorimer et al. 2006) and that the effec-
tive width W must be broader due to dispersion mismatch
and scattering (Bhat et al. 2004). If we accept this coarse
sampling, the computational cost of data analysis will be re-
duced substantially, in particular for a long integration time.
1 https://astronomers.skatelescope.org/ska/
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Detailed timing observations can be performed to resolve the
pulse profile after the discovery. An obvious drawback is that
the coarse sampling will miss very narrow pulses. On another
front, if the scattering is so severe that the pulses become
wider than their separations (i.e. spin period), observations
at high frequency will be required.
The sensitivity of a search can be estimated by the ra-
diometer equation (Lorimer & Kramer 2004). Following and
extending the notation of Nishino & Seto (2018), we write
the signal-to-noise ratio (S/N) of a radio source with the flux
density S as
S/N = γ AeffS
√
NpBtSKA
kBT
√
P −W
W
, (14)
where γ is a factor of O(1) determined by the detector con-
figuration, Aeff is the effective area, Np is the number of
polarization modes, and T is the system temperature. Ac-
cordingly, the minimum detectable flux density for a given
threshold of the signal-to-noise ratio, S/Nmin, is given by
Smin = 10−4 mJy
(
S/Nmin
5
) ( γ
1
)−1 ( Aeff/T
104 m2 K−1
)−1
×
(
Np
2
)−1/2 ( B
500 MHz
)−1/2 ( tSKA
12 h
)−1 ( X
1
)
, (15)
where X :=
√
W/(P −W) becomes unity when W = 0.5P. The
value of Aeff/T is normalized aiming at the planned SKA
Phase 2 (Dewdney et al. 2009).2
This indicates that 12-h integration of SKA Phase 2 will
enable us to detect pulsars down to the pseudo-luminosity
of 0.01 mJy kpc2 within 10 kpc as far as the Doppler smear-
ing is corrected for appropriately. This sensitivity should be
sufficient for finding very faint pulsars at 1.4 GHz (Kramer
et al. 1998; Burgay et al. 2013), and non-detection would in-
dicate the absence of pulses due to the beaming or cessation.
The flux density typically behaves as ∝ ν−1.6 (Kramer et al.
1998; Jankowski et al. 2018), and thus the search at high
frequency will be a little more challenging. Actual observa-
tions will benefit from the distance estimated to 1 per cent
accuracy with LISA to determine the required integration
time for a given pseudo-luminosity.
3.2 LISA-informed radio observation
The sky localization of LISA ensures covering of the target
pulsar by a single pointing with 15 m dishes of SKA. Quan-
titatively, the size of a pencil beam with the dish diameter
Ddish is approximately given using the wavelength λ := c/ν
by (Smits et al. 2009)
Ωdish ≈
λ2
D2dish
(16)
= 0.67 deg2
( ν
1.4 GHz
)−2 (Ddish
15 m
)−2
(17)
and is much larger than the localization error of LISA, equa-
tion (11). If the entire area of a single-dish beam, equation
(17), is observed by tied-array beams with high sensitivity
in a coherent manner, this information saves the observation
2 See also URL in the Footnote 1.
time significantly as we later discuss in Section 3.3. Accord-
ingly, long integration times could be spent for observing a
single target to achieve high sensitivity as shown in equation
(15). Exceptionally, if we have to look at the region in the
vicinity of the Galactic Center, high frequency of ∼ 10 GHz
may be required to overcome severe scattering, and the sin-
gle pointing may not be sufficient.
Even if it would be computationally prohibitive to re-
solve the single-dish beam completely with an array of
sparsely distributed dishes (Smits et al. 2009; Keane et al.
2015), the localization accuracy of LISA is still powerful.
The size of a tied-array beam formed by dishes distributed
within Darray ∼ 1 km is given by
Ωarray ≈ λ
2
D2array
, (18)
where the exact value of Darray depends on the configuration
and the observing strategy (Smits et al. 2009). The number
of tied-array beams required to span the localization area of
LISA is given by
Narray ≈ ∆Ω
Ωarray
(19)
= 240
( ρ
200
)−2 ( f
4 mHz
)2 ( ν
1.4 GHz
)2 (Darray
1 km
)2
, (20)
and this is smaller by a factor of Ωdish/∆Ω ≈ 20 than that
required to resolve fully a single-dish beam. We expect that
this number of beam forming will be affordable with com-
putational resources of SKA (Keane et al. 2015).
The need to correct for dispersion delay tdel(ν) is not af-
fected by LISA observations unless the Galactic electron dis-
tribution is understood to high accuracy. For completeness,
we estimate the required number of trials for the dispersion
measure (i.e. the column density of free electrons) DM. The
step in trial values is determined by requiring that the de-
lay across the bandwidth (e.g. section 6.1.1.2 of Lorimer &
Kramer 2004), which is approximately given by
tdel(ν − B/2) − tdel(ν + B/2) ≈
e2
pimec
DM
B
ν3
, (21)
changes by the sampling time. This condition derives the
required number of trials to be
NDM ≈ e
2DMmaxB
pimecν3tsamp
(22)
= 15 000
(
DMmax
1000 pc cm−3
) (
tsamp
100µs
)−1
×
( ν
1.4 GHz
)−3 ( B
500 MHz
)
. (23)
This large number of trials is the absolute maximum and
would have to be optimized in realistic data analysis. It is
possible that the distance estimated with LISA will weakly
constrain the range of DM.
LISA information will be invaluable for correcting pulse
arrival times for the orbital modulation (see Fig. 1 for a
schematic representation). Because we aim at detecting pos-
sibly faint pulsars in very tight binaries devoting long inte-
gration times that exceed the orbital period, the acceleration
search is not applicable (Johnston & Kulkarni 1991). While
the incoherent phase-modulation search could be an option
MNRAS 000, 1–7 (2018)
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Proper time  
of the Solar System Barycenter (SSB)
Proper time of a pulsar
SSB
Radio pulses
Gravitational waves
Tips
1 f¨
ı
mc
M
a
A =
1
c4DL
(πf)
2/3
(GM)5/3 (1)
f˙ =
96
5
π8/3f11/3
(
GM
c3
)5/3
(2)
∆M
M ≈ ±
3
5
(
∆f˙
f˙
)
± 11
5
(
∆f
f
)
(3)
a
2
∆f˙
f˙
≈ 4.3× 10−3
( ρ
200
)−1( tLISA
2year
)−2(
f
4m Hz
)−11
3
( M
1.2M⊙
)−5/3
(4)
∆f
f
≈ 4.3× 10−6
( ρ
200
)−1( tLISA
2year
)−1(
f
4 mHz
)−1
(5)
For low frequency, gravitational waves are almost monochromatic. Naively
expanding the frequency (see Seto&Takahashi 2002), the phase χ is
χ(t) = 2π
(
f +
1
2
f˙ t+
1
6
f¨ t2
)
t. (6)
Newtonian quadruple formulae show these results,
f˙ =
96
5
π8/3f11/3
(
GMc
c3
)5/3
, (7)
= 1.31× 10−15
(
f
0.004Hz
)11/3(
Mc
1.22M⊙
)5/3
, (8)
f¨ =
11
3
f˙2
f
(9)
= 1.57× 10−27
(
f
0.004Hz
)19/3(
Mc
1.22M⊙
)10/3
. (10)
1
ι
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Figure 1. Schematic representation of the orbital modulation of
the pulse arrival times. Our aim is to recover the original pulse
profile on the top left from the observed one on the top right by
correcting for the modulation with information obtained by LISA.
SSB denotes the Solar system barycenter. The inclined arrow on
the left denotes the direction of orbital angular momentum of
the binary. Here, we only draw the pulsar without showing the
companion in the bottom.
(Jouteux et al. 2002; Ransom et al. 2003), the best strategy
must be to integrate coherently the data by correcting the
arrival times fo the orbital modul tion (see sections 6.2.1
and 6.2.2.1 of Lorimer & Kramer 2004). Specifically, if the
orbit is circular, we need to correct them for the amplitude
and phase of the modulation. Because tSKA  tLISA, we may
safely regard the orbital frequency as perfectly determined
and constant in time.
The modulation amplitude of the pulse arrival time is
given in terms of the projected orbital radius (mc/M)a sin ι
by
tmod =
mc
M
a sin ι
c
(24)
= 0.17 s
(
mc/M
1/2
) (
M
2.8M
)1/3 ( f
4 mHz
)−2/3 ( sin ι
pi/4
)
, (25)
where mc is the mass of the companion. Although it is likely
that the recycled pulsar is the heavier component as in the
case of J0737−3039 (Lyne et al. 2004) and also suggested
by other Galactic binary neutron stars (Tauris et al. 2017),
we conservatively think that we do not know which binary
component is detectable as a pulsar a priori. Thus, we need
to search pulses for both light and heavy components.
The uncertainty in tmod, ∆tmod, is given in terms of
the errors in parameters described in Section 2. The errors
in the gravitational-wave frequency (∼ 10−6), chirp mass
(< 1 per cent), and the inclination (≈ 1 per cent) are negli-
gible. In fact, the dominant uncertainty is introduced by
the mass ratio, q, via mc/M and a ∝ M1/3 irrespective of
the error associated with LISA observations. If we assume
0.7 ≤ q ≤ 1, the uncertainty in tmod is . 20 per cent indepen-
dent of whether the pulsar is heavier or lighter. Hereafter,
we introduce αamp := ∆tmod/tmod with its fiducial value being
0.2.
The modulation phase introduces a timing error of
≈ tmod × ∆φ, where ∆φ ≈ 0.015 for our fiducial parameters,
equation (10). We caution that, on the basis of the Fisher
analysis similar to that performed in Seto (2002), the accu-
racy in estimating the gravitational-wave phase outside the
operation period of LISA deteriorates so rapidly that it be-
comes useless. This means that simultaneous operations of
LISA and radio instruments such as SKA are beneficial for
making full use of our multimessenger strategy.
Following consideration of the dispersion measure, we
determine the steps of trial values for the amplitude and
phase of the modulation by requiring that the pulse arrival
time changes by the sampling time. The number of required
trials for the modulation amplitude is given by
Namp ≈ ∆tmodtsamp (26)
= 350
(αamp
0.2
) (mc/M
1/2
) (
M
2.8M
)1/3
×
(
f
4 mHz
)−2/3 ( sin ι
pi/4
) (
tsamp
100µs
)−1
, (27)
and that for the modulation phase is given by
Nphase =
tmod∆φ
tsamp
(28)
= 26
( ρ
200
)−1 (mc/M
1/2
) (
M
2.8M
)1/3
×
(
f
4 mHz
)−2/3 ( sin ι
pi/4
) (
tsamp
100µs
)−1
. (29)
Additionally, the uncertainty in the eccentricity of ∆e ≈
0.003 could change the arrival time by tmod∆e, and this will
require trials of Necc ≈ 5(tsamp/100µs) for our fiducial param-
eters. We expect that extension to a slightly eccentric orbit
will be straightforward.
We should remark on the spin precession. Its period will
be > 1 month  tSKA for our fiducial parameters (Barker &
O’Connell 1975), and we expect its effect to be marginal. We
leave the careful assessment as future work, and information
from LISA will prove useful even when the precession must
be corrected for.
3.3 Comparison with an all-sky survey
To elucidate usefulness of the multimessenger observation
with LISA, we compare its performance with an all-sky sur-
vey of radio instruments. To keep the sensitivity fixed, we
assume that the integration time per pointing is the same for
both observation strategies. We also fix the sampling time.
A comparison with an all-sky survey based on the phase-
modulation search, with which the sensitivity is not maxi-
mal, is briefly made in the end of this section.
First, the all-sky survey trivially requires a large num-
ber of pointings, and thus the integration time must actually
be shortened. If we do not restrict the search to a limited
portion of the sky, e.g. the Galactic plane, equation (17) sug-
gests that O(104) pointings in terms of a single-dish beam are
required to find a limited number of targets. Even if instru-
ments with a large field-of-view are available (Smits et al.
2009), the number of pointings may not be reduced below
O(102). If we evaluate the number of pointings in terms of
tied-array beams, the all-sky survey requires O(108) point-
ings, which is larger by O(106) compared to the multimessen-
ger observation with LISA, equation (20). However, results
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of the all-sky survey can be used for various applications in-
cluding standard pulsar searches, and thus this comparison
is valid only when we focus on detections of pulsars in the
shortest period class of binary neutron stars.
Next, the coherent integration becomes significantly
costly because of brute-force corrections for the orbital mod-
ulation. We have to search over a large parameter space of
not only the modulation amplitude and phase but also the
orbital frequency. By requiring that the phase error caused
by the frequency mismatch accumulated during the inte-
gration time does not induce a timing error larger than
the sampling time, particularly for the harmonic summing
to be successful, the step in trial frequency is given by
δ f = tsamp/(2pitSKAtmod). The number of required trials is
approximately given by f /δ f and becomes ∼ 106 for our
fiducial parameters. The modulation amplitude and phase
must also be searched over without knowledge of the masses
and the inclination angle. On one hand, the number of trial
amplitude is increased only by a factor of ≈ α−1amp ≈ 5, be-
cause the uncertainty in the mass ratio is large even if LISA
information is available. On the other hand, the number of
trial phase is increased by ≈ 2pi/∆φ ≈ 400 for our fiducial pa-
rameters. In total, the number of trails required for coherent
integration per pointing increases by nine orders of magni-
tude in the absence of information from LISA. This reduces
not only the computational cost but also the false alarm
rate so that the threshold signal-to-noise ratio, S/Nmin, can
be lowered.
In reality, the all-sky survey for short-period binaries
will likely be conducted with incoherent but efficient phase-
modulation searches, and thus it would be informative to
compare performance of our strategy with theirs. The num-
ber of pointings is reduced significantly by LISA as described
above. If the trials of corrections for the orbital modula-
tion can be performed in the Fourier space for our coher-
ent search (Ransom et al. 2001), the computational cost for
each pointing may be dominated by the Fourier transfor-
mation of time series data. If this is realized, the costs will
be similar for both methods as long as the integration time
and the sampling time are fixed. Otherwise, the computa-
tional cost of our strategy could be higher by a factor of
NampNphaseNecc ≈ O(104) than the phase-modulation search.
This very approximately cancels the gain due to the sky lo-
calization. Still, the smaller number of required pointings
allows our strategy to devote longer integration times at
each sky area. In both cases, the sensitivity of the phase-
modulation search is limited to, e.g. ≈ 30–40 per cent of the
coherent search for the parameters of fig. 6 of Ransom et al.
(2003). Thus, the detectable volume will be reduced accord-
ingly for a given integration time. We feel that a further
comparison of the performance is difficult because of the
different sensitivity. A useful comparison may be made by
conducting, e.g. synthetic surveys with simulated popula-
tions of short-period binary pulsars, which is beyond the
scope of this study.
4 SUMMARY
We have studied a multimessenger strategy to detect pul-
sars in the shortest period class of Galactic binary neutron
stars with LISA and radio instruments such as SKA. These
binaries will be observed by LISA as quasi-monochromatic
gravitational-wave sources with a large signal-to-noise ratio
of > 100. A single pointing in terms of a single dish of SKA
will be sufficient to entirely cover the localization area of
LISA, and accordingly long integration times may become
available to improve the sensitivity. While this long inte-
gration time prohibits the acceleration search, the Doppler
smearing caused by the rapid orbital motion can be cor-
rected efficiently by using orbital frequency and binary pa-
rameters derived with LISA.
The multimessenger observation, or follow-up surveys of
LISA detections, will reduce the numbers of required point-
ings and trials of corrections for orbital modulations by a
factor of 102–106 and 109, respectively, compared to an all-
sky survey of the shortest period class of binary neutron
stars for given sensitivity. It is highly likely that realistic
situations limit the integration time per pointing for an all-
sky survey significantly and that we will miss faint and dis-
tant pulsars. The massive computational cost of the survey
without LISA information can be mitigated by incoherent
search techniques but only at the expense of the sensitivity.
Finally, if observations of LISA and SKA do not occur si-
multaneously, we will lose information of the phase so that
the efficiency of the multimessenger strategy will be reduced
by two orders of magnitude. Although the improvement is
still significant, simultaneous observations are preferable.
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